The efficiency of thin film silicon solar cells critically depends on the optical absorption. In this work, we numerically investigate the light trapping effect in the weak absorption regime for 1.5 µm thick crystalline silicon at normal incidence. Using electromagnetic simulations, we study the impact of different textures on the light absorption enhancement in two-dimensional (2D) device configuration. We discover that the light trapping effect of commercially used textures from Asahi glass is close to the 2D Lambertian result (F = πn), while optimized periodic gratings show better performances, and both rectangular and triangular gratings are capable to exceed the Lambertian result. To further explore the optimal light trapping structures, we develop a simulation method combining finite-difference time-domain (FDTD) calculations and the optimization algorithm (Nlopt-COBYLA). Over a 900-1100 nm wavelength range, our optimized surface texture in two dimensions (2D) enhances absorption by a factor of 2.7πn, considerably larger than the original πn Lambertian result and exceeding by almost 50% a recent generalization of Lambertian model for periodic structures in finite spectral range. However, our structure still obeys the conventional πn Lambertian limit when averaged over all the angles.
INTRODUCTION
Thin film silicon photovoltaics are becoming increasingly promising candidates for solar energy utilization due to their low cost and capability for scaled-up productions [1] . However, efficiency improvement still remains a major challenge because of the low absorption at red and nearinfrared wavelength ranges for crystalline silicon. To achieve high efficiency solar cells, therefore, it is imperative to make the thin film silicon layer more absorptive without increasing the layer thickness [2] [3] [4] . Various light trapping schemes [5] [6] [7] have been proposed and experimentally demonstrated [8] [9] [10] [11] as promising solutions for efficiency enhancement.
Typical thin film solar cells with light trapping design, however, still show inferior performance compared to Si wafer based techniques and thus become less competitive. Questions are raised for thin film silicon photovoltaics: what is the ultimate limit for the absorption in the thin film silicon, and what is the optimal design that can reach this limit? These are still debatable topics which attract both academic and industrial interests. The most well-known models are the Lambertian models [12] , which consider surface textures under the key assumptions of isotropic scattering, in which case the efficiency enhancement is at most πn in 2D or 4n 2 in 3D for a film (with index n) of infinite thickness and spectral range. More recently Yu et al. [13] showed that for a thin film over a wavelength range from λ1 to λ2 the best Lambertian enhancement is increased to πn(1 + λ1/λ2) for 2D periodic structures at normal incidence. It is known that higher efficiency can be achieved in angular-sensitive devices [17] , however, and we show how this enhancement/sensitivity tradeoff can be optimized while remaining in the context of periodic thin-film textures.
RESULTS
The 2D device structure used in our numerical model consists of 1.5 µm crystalline silicon (Si), 0.5 µm silicon dioxide (SiO2) and a perfect reflector on the backside. We perform the electromagnetic wave simulation by a finitedifference time-domain (FDTD) method [14] implemented via an open source code MEEP [15] . The Si layer is assumed to be weakly absorptive, with a constant absorption coefficient (α = 12.56 cm -1 ) between 900 nm and 1100 nm. At the interface between Si and SiO2, we investigate various shapes of texture like Asahi shaped glass, triangular and sawtooth gratings. In addition, an arbitrarily shaped texture is studied and optimized with a nonlinear optimization toolbox NLopt [16] .
Our simulation results are summarized and shown in Fig.  1 . Textures from commercial Asahi glass (the dotted line in black) show performance close to πn. Performances of our simulated triangular and sawtooth gratings reach the maximum F when Λ = 900 nm. Both triangular grating and sawtooth grating follow a trend similar to the analytical models, but the simulated results F deviate from the Lambertian models, showing higher values for most periods.
In addition, we illustrate the result for gratings with optimized Fourier series. Due to the computational expense of this optimization, we only plot local optima for several runs with different initial values at Λ ≈ 900 nm. Nevertheless, all of them exceed the optimal sawtooth gratings as well as the generalized Lambertian models by Yu et al [13] . The best Fourier structures we obtain show F 978-1-4244-9965-6/11/$26.00 ©2011 IEEE= 2.70πn for asymmetric structures, which is about 50% better than the analytical model. These results clearly demonstrate that violating the isotropic coupling assumption in Yu's model [13] can lead to higher performances, consistent with the predictions in Ref. [17] . This super-Lambertian enhancement for normal incident light must necessarily come at the expense of enhancement at other angles. To demonstrate this, we calculate the enhancement factor versus incident angle, as computed by a rigorous coupled wave analysis (RCWA) method [6] . As expected, the enhancement factor F decreases significantly for non-normal incidence [13] . F is larger than πn for incident angles within about [-25º, 25º]. The average enhancement factor over all angles is calculated to be 0.9πn, which still obeys the classical Lambertian limit for isotropic light [12, 13] . It should be noted that low-cost thin-film Si solar cells are usually implemented within a non-concentrated configuration like a roof-top system, so restricting the angle range is not applicable. Nevertheless, our design is still instructive for practical applications since the incoming power of sunlight is not isotropic and usually peaks in the middle of the day. Therefore, it is still meaningful to design a cell with a better performance for normal incidence.
CONCLUSION
In this paper, we investigate the fundamental light trapping performances of a 2D thin and weakly absorptive film. Different types of textures, including Asahi glass shaped surface, triangular and sawtooth gratings and arbitrarily shaped surface, are implemented into a 1.5 µm silicon based device. The arbitrarily shaped surfaces are optimized through the FDTD method combined with an optimization algorithm. The absorption performances are simulated and compared with the result of conventional Lambertian model as well as the generalize model by Yu et al [13] . It is discovered that those analytical models are no longer valid for normal incidence and anisotropic scattering textures, and better designs can be achieved by optimizing the periodic textures. The optimized periodic 2D structures show the highest light trapping performances, achieving an enhancement factor of nearly 2.7πn, which is about 50% better than the analytical predictions. These results provide a guideline for designing high efficiency thin film silicon photovoltaic devices.
